Conventional Synthetic Aperture Radar (SAR) offers high-resolution imaging of a target region in the range and cross-range dimensions along the ground plane. Little or no data is available in the range-altitude dimension, however, and target functions and models are limited to two-dimensional images. This paper first investigates some existing methods for the computation of target reflectivity data in the deficient elevation domain, and a new method is then proposed for three-dimensional (3-D) SAR target feature extraction.
Introduction
Some prior research into three-dimensional (3-D) SAR has included work with three generalized types of 3-D data extraction: direct Fourier inversion, interferometry, and high-resolution spectral estimation.
Methods of direct Fourier inversion are possible with Circular SAR (CSAR) and complete elevation maps are achievable with the addition of a second synthetic aperture in Elevation-Circular SAR (E-CSAR), but these methods do not produce a high resolution, and both require specific and somewhat impractical motion of the antenna platform [2] [19] .
Interferometry makes elevation data possible from a single platform (with multiple antennas) and few motion requirements on the aircraft, but is very sensitive to process noise and platform changes, and often does not produce sufficient resolution to create suitable models of a man-made target vehicle, such as those of the Moving and Stationary Target Acquisition and Recognition (MSTAR) SAR image set [6] .
Neither CSAR nor Interferometric SAR accounts for the possibility of multiple radar reflectors at various elevations in a single point of the range-cross-range plane. The RELAX algorithm and the decoupled least-squares technique are methods of high-resolution spectral estimation which attempt to address this issue and resolve multiple target scatterers in the z axis [3] [8] [9] . In an attempt to circumvent some of these practical barriers, a new method is proposed which aims to directly extract 3-D features from individual SAR target images (MSTAR) and fuse multiple arbitrary inputs together to form rough 3-D target models. This new method is referred to as the shadow technique, as it utilizes the visible radar shadow in the target region and the measured depression angle to compute physical target elevations along the range dimension. *jsaghri@calpoly.edu
Decoupled Least-Squares Simulations

Concept
The decoupled least-squares technique for high-resolution spectral estimation, described by Walter Kuklinski and Andrew Kraay, aims to provide the Maximum Likelihood estimates for reflector locations and amplitudes in the datadeficient z axis for each range-cross-range location in the SAR target region [8] . This is accomplished by modeling the signal in a given (x,y) location as the sum of a finite set of individual scatterer contributions:
Given a set of M SAR images of a target region taken at a finely spaced set of depression angles, with the target at a consistent pose and rotation, a set of M complex frequency samples of the target can be interpolated into the domain, and a matrix of these frequency samples can be created at each (x,y) location. The matrix is modeled as the the contributions from multiple reflectors in z, coupled with Gaussian White noise.
For a given set of K possible reflectors at locations z 1 through z K , the Maximum Likelihood estimate of the reflectors' amplitudes is [8] :
In this equation, K is a static estimate for the number of reflectors present in the z axis at each (x,y) grid location. To find, then, the Maximum Likelihood estimate for scatterer amplitudes and locations amidst all possible location configurations for K scatterers, a gradient-based minimization search is employed using a mean-squared error cost function, such that the set of K scatterer locations found yields the global minimum of the mean-squared error of by the equation [8] :
Simulations
Simulations are built around this technique for estimating scatterer contributions. Both MSTAR data and a fabricated 16 x 16 image are used as test inputs, and various input parameters are tested to determine the technique's ability to resolve scatterers amidst favorable and unfavorable circumstances. The parameters tested include noise, the number of input samples, the number of estimated reflectors in z, and the spread (in degrees) between the maximum and minimum depression angles of data collection. Additionally, a simple method for dynamically estimating the number of reflectors K is briefly tested against the set of static estimates.
The technique is shown to provide sufficiently accurate and desirable 3-D target models and elevation maps when the input data meets a strict set of criteria. When either the number of samples of input data is low (less than half a dozen or so), or the spread of the depression angles is large (above approximately 10˚), the results are severely depleted in quality. In addition, for correct interpolation, all radar passes over the target region must provide the same viewpoint of the target and thus the same target pose. This set of input requirements may be difficult to meet in a practical reconnaissance or target recognition application.
The flow chart for the decoupled least-squares estimation algorithm is found in Figure 1 , and the plots of simulation results against two test metrics can be found in Figures 2 -5 . An example output plot of estimated reflector locations in 3-D space can be found in Figure 6 , and an elevation map from this data is shown in Figure 7 . In Figure 3 , the value of K labeled '*' represents dynamic estimation of K.
Shadow Technique For 3-D Feature Extraction Concept
The proposed shadow technique for direct 3-D feature extraction aims to overcome some of the practical limitations of current 3-D SAR methods, in particular the rigorous input requirements of the methods of high-resolution spectral estimation.
The geometry of the SAR platform and the length of the SAR shadow in a given image are exploited to compute a maximum target height in a given MSTAR image column (along the range axis). Because the radar depression angle is known and the radar position relative to the image matrix is below the image, the maximum physical height of the target object in a given column is given by the formula:
In this equation, O r and S r are the upper edge rows of the target object and shadow image regions, respectively. In short, if both the shadow region and the target region can be accurately extracted from an input image, then the maximum physical height of the target object can be computed in each column of the image matrix. A figure of a side-view of a single column is shown in Figure 8 , where the angled line is the path of the radar beam.
Implementation
The target object is first extracted using a median-filtered version of an input MSTAR image followed gay-level thresholding. Since the target region is only of interest with respect to the shadow region, the process for extracting shadows from the image ignores the image columns (cross-range bins) that do not have target information. This helps increase the accuracy of the gray-level threshold for shadow extraction and prevents noisy islands from being extracted.
Building upon prior research done by Dr. John Saghri and Andrew DeKelaita [15] , shadows are extracted from the MSTAR image using a simple three-step process: median filtering, gray-level thresholding (keeping only the lower gray levels), and blob filtering (keeping only the largest image blobs and any large blobs near to the largest blob).
Once both the shadow and target regions are extracted from the input image, "slice" images are created based on the above equation for maximum target heights in a given column. 3-D models of a SAR target are then forged out of a set of input images taken from different target poses (rotations) in the target region. These models are formed by rotating all the input slices to a common rotation, then "fusing" individual range-cross-range (x,y) pixel locations by selecting the lowest target height amidst the input set. The lowest elevation value is chosen because each of the input pixel samples from each slice represents the maximum physical observed by the radar in the cross-range column of that slice from that perspective. The lowest value, then, is the value that is most likely the least overestimated height. Figure 9 shows an example image sequence of the shadow extraction process, highlighting the regions in which shadow extraction was necessary: all cross-range bins in which the target was found. Amidst testing throughout the entire MSTAR target set, the shadow extraction process works well in images in which the shadow region is visible to the human eye and the gray levels in the image have a high average, but in images where the amplitude of target scattering was low (dark images), the edges of the extracted shadow become inconsistent and noisy. Figure 10 shows an example output slice image matrix created from a single MSTAR image input. A small photograph of the target vehicle is shown in the top-right of the figure for reference. Figure 11 shows an example 3-D model of a target that was created from the fusion of multiple target slices. The general shape of the vehicle is visible, and the elevation estimates vary in both the range and cross-range dimensions.
Results
A number of test sets of MSTAR target chips were created to test the shadow technique's overall ability to create measurable target models. The three-dimensional enclosed pixel dimensions of the target models are extracted and converted to physical measurements using the known MSTAR target resolution and pixel spacing (in meters). These measurements are compared to the true physical measurements of each target vehicle [11] . Figure 12 shows a table with the sample of test sets, their input parameters, the measurements estimated with the shadow technique, and the true physical measurements of the target vehicles. Figures 13 -17 show the accuracy and percent difference computations of the measurements computed by the shadow technique with variation of several different input parameters. One of the input parameters described is rotation, which refers to the method of target pose extraction used to align the set of input slices together. Two methods are included: rotation using the azimuthal rotation data embedded in the MSTAR chip headers, and automatic target rotation extraction using image processing techniques.
The overall average percent differences for all of the tested input sets were 12.466%, 13.477%, and 17.389% in terms of the measurements of length, width, and height, and 13.798% in terms of volume. These results indicate the shadow technique's moderate accuracy in estimating the enclosed measurements of an arbitrary SAR target with varying input parameters. The input requirements for this method are considerably more flexible than those of high-resolution spectral estimation. The shadow technique works with any set of depression angles, requires a much smaller number of inputs, and allows for the target pose and rotation to be completely arbitrary.
Future Work Spectral Estimation Simulations
A deeper comparison should be made between the decoupled least-squares technique for spectral estimation and the RELAX, CLEAN, and ESPRIT algorithms [3] [8] . While both methods operate on comparable principles and process input data similarly, they do use very different methods to iteratively account for individual scatterer signatures in the range-cross-range dimensions, and further study should be done to compare the accuracy of results from both techniques.
More work could also be done with regards to new methods for dynamic estimation of K, the number of scatterers in z. One simple method was developed for testing as part of this paper, but others, including some that incorporate principles from RELAX and the other methods of spectral estimation, could be employed for experimentation.
Shadow Technique
The data features created by the shadow technique were not tested as part of an Automatic Target Recognition (ATR) algorithm, and could lead to some improvements in existing ATR classification schemes.
Additionally, the classification estimates produced by ATR algorithms could provide useful feedback mechanisms for the shadow technique for 3-D target modeling. The current target modeling process accepts any arbitrary SAR inputs, but it could be modified to accept additional feedback from an ATR algorithm to refine the modeling parameters and requirements. Built-in constraints for model heights and shapes could be employed if a good estimate of the target type were given as an input to the modeling process. This would make the shadow technique less robust and only capable of handling a certain of SAR targets (MSTAR, for example), but would probably yield an increased accuracy in the target models and reduce errors in the process.
Other improvements to the shadow technique process itself deserve further exploration. These include experiments with shadow-based rotation extraction (as mentioned by Saghri and DeKelaita [15] ), further refinement of the image processing techniques used for shadow extraction, and other forms of multi-input data fusion for the target model creation process.
Conclusions
Several existing methods for the creation of 3-D SAR target models were explored. Three-dimensional SAR data could have countless applications for reconnaissance, target recognition, target modeling, terrain mapping, and even target tracking.
Some simulations were executed to investigate the feasibility, accuracy, sensitivity, and practicality of one of the better existing methods for 3-D SAR. The results showed promising results with regards to 3-D target modeling, but also highlighted the limiting factors that prevent some of the current 3-D SAR techniques from being practically utilized in a real-world target recognition or target modeling application.
In an attempt to find a solution to the existing obstacles, experiments were performed with a new proposed method for the direct extraction of 3-D features from arbitrary SAR images. The shadow technique employed visible and quantifiable image features coupled with information from basic geometric characteristics of the SAR data collection process. 
